nuclear and advanced materials by characterizing (measuing and interpreting) physical properties of advanced electronic materials and in this process to bridge the gap between materials synthesis and theoretical understanding. Attention has focused on discovering new physics by understanding the ground states of materials in which electronic correlations dominate their properties. Among several accomplishments, we have discovered and interpreted pressure-induced superconductivity in CeRh,Si,, the competition between magnetism and superconductivity as a function of boron content in UBe,,,B, and the origin of small gaps in the spin and charge excitation spectra of Ce,Bi,PG, and we provided seminal understanding of large magnetoresistive effects in La,,C~Mn03. This work has established new research directions at LANL and elsewhere, involved numerous collaborators from throughout the world and attracted several postdoctoral fellows.
Background and Research Objectives
Los Alamos has had a very strong competency in materials, particularly in processing, forming and prototyping devices based on nuclear or other hazardous materials. This competency, developed over the last several decades, was critical for ensuring national security. The nation will continue to need this competency in the future, but there is growing realization that a basic understanding of materials at the electronic level is required to ensure the safety and reliability of our nuclear stockpile. Additionally, attention is shifting more toward advanced electronic materials that will strengthen the country's competitive posture and that will allow development of technologies to limit proliferation of weapons and environmental pollution. These are substantially new directions for the Laboratory that require a change in emphasis from what has been primarily on metallurgy to electronic properties of materials, i.e. modern experimental and theoretical physics of condensed matter. In this role, we must develop capabilities to probe electronic interactions in detail and couple results of experimental research to theoretical models.
Electronic properties of materials are determined not only by the electronic configuration but also by the complex interplay among electronic, magnetic and lattice (structural) interactions. The extent of this complexity is exemplified in materials ranging from plutonium to high temperature superconductors. Only through systematic, in-depth characterization of high quality materials is there hope of revealing the fundamentals of these materials. This is the central point: materials characterization is at the heart of a Laboratory competency in advanced materials; it provides the key link between materials synthesis and theoretical understanding. To build and extend the Laboratory's competency in characterization of nuclear and advanced materials, we must develop a comprehensive suite of capabilities that will probe electronic, magnetic and lattice interactions at microscopic and macroscopic levels. One of our objectives has been the development of this capability. The second and primary objective has been the application of this capability to measure and interpret physical properties of advanced electronic materials important to ongoing Laboratory programs. Materials in which strong electronic correlations have a dominant role in determining physical properties are common to several Laboratory programs pursued by researchers in T, LANSCE, CST, NMT and MST Divisions as well as centers within these divisions. Quite generally, strongly correlated electron systems typify the complex interplay among electronic, magnetic and structural interactions, and as a whole they represent a substantial fraction of the Laboratory's entire effort in advanced materials. As a means of developing competency in nuclear and advanced materials, we have focused our second objective on understanding the ground states of correlated electron materials.
Importance to LANL's Science and Technology Base and National R&D Needs Our effort to develop characterization expertise and capabilities on the forefront of research is applicable to the study of wide varieties of advanced electronic materials. Our principal aim is to strengthen the Laboratory's competency in nuclear and advanced materials by providing a basis for understanding the complex interplay among electronic, magnetic and structural interactions responsible for the unique properties of these materials and to thereby position Los Alamos as the lead DOE laboratory in this important area. In part, we had already played significant roles in developing new, advanced materials initiatives at Los Alamos, including those in high temperatm superconductivity, the National High Magnetic Field Laboratory (NHMFL) at Los Alamos and the Correlated Electron Theory Program. Without our core expertise in materials characterization, the probability of success of these new initiatives would have been reduced substantially.
to make seminal studies of the lanthanum manganites that were discovered to exhibit a very large magnetoresistance. These early, key experiments led to Los Alamos' teaming with Hewlett-Packard to host the nation's first workshop on the physics and applications of these correlated electron materials, a workshop that was very valuable in helping set a national agenda in this area and, more generally, in the study of spin-charge-lattice coupling in complex electronic materials. A direct outgrowth of the latter has been the revitalization of plutonium science at Los Alamos, with renewed emphasis on fundamental understanding at the electronic level. A further spinoff from this LDRD project has come from our work on characterizing the ground state of materials in which there is a small semiconducting energy gap whose origin is in electronic correlations. In the course of this research, we realized that these and related materials might be useful in creating a next generation of thermoelectric/magneto-thermoelectric cooling devices. This effort is now a well-defmed project supported by DOWAEP at Los Alamos and has created a similar project at Oak Ridge National Laboratory. Though both of these new projects are just beginning, they hold substantial promise for enabling entirely new industrial and defense technologies that require reliable, efficient solid-state cooling.
During the course of this three-year project, we used our characterization expertise Scientific Approach and Accomplishments of advanced materials should be driven by scientific as well as technical objectives. Because strongly correlated electron materials are a prominent theme in the Laboratory's overall advanced materials effort, we have focused particularly on characterizing and understanding this important class of materials that is at the forefront of condensed matter science worldwide. Heavy-fermion compounds are prototypes of strong electronic correlations and were used as the means to exercise our characterization capabilities while addressing important scientific problems. However, as better or more technologically
The need to develop competency in measuring and interpreting physical properties relevant examples of advanced materials were discovered during the course of the program, we responded appropriately to these developments.
There are two particularly unusual ground states realized in heavy-fermion materials which, if understood, would mark major advances in the area of correlated electron phenomena. Interestingly, these ground states are diametrically opposed, one being superconducting and the other semiconducting. In most heavy-fermion superconductors, superconductivity coexists with some form of weak magnetism that results in complex pressure-, temperature-, and field-dependent phases. This has led to the speculation that magnetic interactions may mediate superconducting electron-pair fonnation. If true, these materials exhibit entirely new superconducting ground states that are not describable by conventional theory in which phonons produce pair formation. Understanding this ground state is a significant experimental and theoretical challenge and may bear directly on high-T, superconductivity, which is believed by many to have its origin in magnetic interactions as well. At the other extreme is a semiconducting gap found in some heavy-fermion materials that is anomalously small (-100 K) relative to more conventional semiconductors like silicon or germanium. In spite of this, some researchers have argued that the small gap in heavy-fermion systems is simply a consequence of electronic band structure. However, our work establishes unambiguously that this is not the case but that the small gap is a direct consequence of electronic correlations; in fact, correlations that may not be qualitatively different from those that produce a heavy-fermion superconductivity. The small semiconducting gap seems to appear when the ratio of localized electrons to itinerant electrons is exactly unity. This is a special case of the generalized heavy-fermion problem that is more straightforwardly handled theoretically.
Careful, in-depth characterization of high quality samples is a particularly powerful approach to revealing the essential interactions and their interplay. To this end, we have applied, as appropriate, expertise in characterization that includes: macroscopic characterization through specific heat from 0.05 to 20 K, magnetic susceptibility from 1.8 to 350 K in fields to 5 T, electrical resistance from 0.05 K to 300 K at pressures to 100 kbar and fields to 10 T, thermoelectric power and thermal expansion from 1.5 to 300 K, resonant ultrasound spectroscopy above 2 K, muon spin relaxation (pSR) at dilution refrigerator temperatures, nuclear magnetic resonancdnuclear quadrupole resonance (NMRNQR), photoemission spectroscopy above 20 K, neutron diffraction and x-ray absorption spectroscopy above 15 K. We have developed pressure capabilities for specific heat in collaboration with the University of California, Berkeley, as well as high field capabilities for specific heat, electrical resistance and thermal expansion. High magnetic fields are particularly important for studying the small-gap semiconductors because, aside from temperature, this is the only thermodynamical variable that has an energy scale comparable to the gap value (1 T/pB = 1 K/kB).
electron systems, and this work is reported in publications listed with this report. The following highlights significant accomplishments in three areas. 0.9 K and is strongly correlated as indicated by its thermodynamic effective electron mass, which is nearly lo00 times larger than the m a s of a free electron. As expected for a superconductor in which the electronelectron pairing mechanism is unconventional, properties of this material are very sensitive to nonmagnetic as well as magnetic impurities. Careful studies as a function of impurity content allow us to investigate the pairing mechanism and symmetry of the superconducting ground state order parameter. We have found that very small substitutions of B for Be in UBe,,,B, (x = 0.01,0.03,0.044, 0.068,0.09,0.11) drastically alter both normal and superconducting properties. Analysis of specific heat C, data near and below T , revealed a factor of two increase in the C, anomaly at T , with initial additions of B, signifying a huge increase in coupling between electrons and boson excitations (most likely, spin fluctuations) mediating the superconductivity. "B and % N M R Knight shift data are temperature independent below T,, contrary to a Knight shift that decreases exponentially in conventional superconductors having s-wave order-parameter symmetry. This is strong evidence for higher-order (e.g. Closely related is our work on CeRh$i, which is an antiferromagnet with a N&l temperature TN = 35 K at atmospheric pressure. From our earlier study, we knew that TN could be driven to T = 0 at a critical pressure Pc = 9 kbar, and at this pressure the crystallographic unit-cell volume was very close to that of CeCu,S4, which is a heavyfermion superconductor at ambient pressure. This led to our speculation that C e Q S i , at 9
kbar also might superconduct. Indeed, we discovered that superconductivity appears (below 400 mK) very near the critical pressure required to suppress long-range antiferromagnetic order. Further, specific heat measurements under pressure are fully During the course of this three-year project we studied many different correlated 2'?Eli NMIUNQR experiments showed that the NQR resonance frequency vQ departed from metallic-like to insulating-like behavior near TM = 80 K where the static susceptibility is a maximum. The N M R Knight shift had both isotropic and anisotropic components, anisotropy that arises from the transferred hyperfine coupling between Ce-4f and conduction electrons A change in scaling between the static susceptibility and both the isotropic and axial Knight shifts at TM provided strong evidence that hybridization between 4f orbitals and conduction electrons is responsible for the gap structure. This view was supported by thermal expansion, magnetostriction and high-temperature-specific heat data. A Gruneissen analysis of these data, which considers the lattice coupling to spin and charge degrees-of-freedom, revealed, however, that a magnetic field-induced volume change was not equivalent to a temperature-induced volume change. This is unusual and suggested that charge and spin excitations are inequivalent in this materials, even though both are strongly coupled to the lattice. This conclusion was supported from a comparison of the effect of La substitution in (Ce,,LaJ, Si,% on the specific heat and the neutron quasielastic scattering response. Together these studies provided unambiguous evidence that the small semiconducting gap in Ce,Bi,& is not conventional, i.e., is not a simple band structure effect, but develops from the strong interplay among magnetic, electronic and lattice interactions in this correlated electron system. and semiconductors was temporarily interrupted to respond to a report in late 1994 of the observation of a very large negative magnetoresistance in doped lanthanum manganite.
This report and its potential technological implication for sensor applications were so compelling that our characterization effort was redirected to study this m a t e d Because of the characterization capabilities available, we were able to establish quickly that the very large magnetoresistance depended exponentially on the magnetization (strong charge-spin coupling) and that coupling of the charge and spin to the lattice (polaron formation) was crucial for describing observations. These conclusions subsequently were verified by extensive additional measurements by us and others and were seminal discoveries leading (c) Magnetoresistive matenah: Research on correlated electron superconductors to the now-accepted viewpoint for understanding the large magnetoresistance in these materials. Accomplishments outlined above have substantially broadened our understanding of advanced materials in which electronic correlations, in particular the coupling among magnetic, electronic and lattice interactions, dominate physical properties. This understanding has application to broad classes of nuclear and advanced materials and has set new research directions at Los Alamos and elsewhere.
